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THERMAL ANALYSIS AND DESIGN OF THE PHOTOVOLTAIC
INVESTIGATION ON LUNAR SURFACE (PILS) PAYLOAD

GREETA JOSE THAIKATTIL

ABSTRACT

Solar power has been identified as key technology required for extensive
exploration of the moon and space. However, solar cell design so far has been based on
earth and earth orbit environments, which is vastly different from the lunar surface. The

Photovoltaic Investigation on the Lunar Surface (PILS) is a small payload carrying a set of

solar cells of the latest technology to the moon in order to test the cells’ feasibility and
viability in the lunar environment. The objective of this thesis is to analyze the PILS
payload design in its mission environments and optimize the thermal design to ensure that

the critical components remain within their survival limits throughout transit and within
operational temperature limits during lunar surface operations. The thermal analysis

software Thermal Desktop was used to create a thermal model of the PILS payload which

was analyzed in transit, three lunar orbits, descent and lunar surface operations in order to

optimize the payload’s active and thermal design.
This thesis discusses the thermal model in detail which includes the geometry,

conduction through the assembly, environmental conditions, and orbital definitions. The
thermal model was then analyzed to investigate the temperature change in each component

in all environments with the critical electronic components. The active thermal protection,

heaters, were optimized for a “0 sink” case where the PILS payload was assumed to be in
deep space - with no view to the sun or the moon for solar, albedo or planetshine heating.

The passive thermal protection design was optimized for the hottest scenario in this

iv

mission: lunar noon during surface operations on the moon. Finally, the effects on the PILS

payload from landing off-nominally on the lunar surface was also analyzed. The results

show that the overall thermal design is successful in keeping all critical components within

their operational temperature range throughout the entire mission.
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CHAPTER I

INTRODUCTION

1.1 Overview
Long-lived investigations on the Moon’s surface will likely require various power

generating capabilities for habitats, crewed or robotic rovers, in-situ resource utilization,
and other life-supporting and exploration activities. Solar arrays are a mature technology
that have been used time and again for power generation during in-space missions and on

the lunar surface during the Apollo missions. Establishing a long-term human presence on
the lunar surface or exploring it for periods longer than a few days poses new challenges.

The National Aeronautics and Space Administration’s (NASA) Human Spaceflight
Architecture Team and the Lunar Exploration Analysis Group (LEAG) have identified
Strategic Knowledge Gaps (SKGs) that represent the knowledge that must be obtained to

reduce risk, increase effectiveness, and improve the design of systems and capabilities to
be used for lunar exploration. One of the SKGs, Theme Area III specifically, concentrates

on understanding how to work and live on the Lunar Surface. Here, power generation

including that using solar arrays for non-polar and polar missions has been identified as a
gap that needs to be addressed.
1

Current standards for photovoltaic (PV) arrays are based on orbiting satellites, and
so they cannot be used in designing PV arrays for lunar surface missions due to the

drastically different environments and applications. For example, existing studies on dust

occlusion of solar cells have shown that the PV performance is sensitive to dust, primarily
from takeoff/landing procedures and human action. This suggests that a PV installation

should be distanced from human activity and string voltages should be as high as possible
to reduce copper mass and power losses. However, operation on the lunar surface is bound
to have natural dust occlusion from the lunar day/night terminus motion (migrating charged

dust particle) especially as PV string voltages are increased. These local charging processes
are highly variable and extremely difficult to simulate on earth, therefore, new design best

practices should be developed from in-situ environment testing on the lunar surface.
The power required for a lunar habitat indicates that low cost cells will be required,

and the potential for in-situ resource utilization suggests that low-cost silicon based solar

cells may be an enabling option. Subsequently, a research team from NASA Glenn
Research Center (GRC) developed a program to test next generation solar cells on the
surface of the moon. These tests include examination of performance over the period of
one lunar day and local charge buildup from the materials. It also provides a platform to
determine the feasibility of low-cost commodity-grade solar cells, and the use of very high

array voltages for human habitats.

The GRC program mentioned above is called the Photovoltaic Investigation on the

Lunar Surface (PILS). The PILS test article/payload is being carried aboard the first
Commercial Lunar Payload Services (CLPS) mission, for which, the hardware needs to be

developed such that it can survive the environmental rigors of the flight and lunar surface.

2

In the PILS, the solar cells are adhered to a circuit board called the “Front Sheet”

as shown in Figure 1-1 below.

Figure 1-1: Sheet and Solar Cells Assembly
This assembly is then adhered to a honeycomb core where the other side of the core

is adhered to an aluminum plate to provide structure rigidity to the assembly, shown in

Figure 1-2.

3

Figure 1-2: Overall PILS Assembly
The Front Sheet-Honeycomb assembly is mounted to two triangular brackets that

angles the assembly such that the solar cells will be normal to the sun relative to the location

on the moon. G10 insulation is then placed between the brackets and the lander to ensure
that the payload is thermally isolated. The two brackets have a brace called the “Anti-Rack

Bracket” to resist torsion the assembly may experience during launch.
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Figure 1-3: Internal Printed Circuit Boards (PCBs)

As shown in Figure 1-3, five circuit boards including a motherboard, two
daughterboards, a plasmaboard, and a heater board are mounted to the back of the Front

Sheet-Honeycomb assembly. The two daughterboards (DB1 and DB2) collect data from
the solar cells while the plasma board (PB) collects data on the plasma in the lunar

environment. The data is then relayed to a central processor on the motherboard (MB) and
stored until the lander is ready to collect all the information from the MB to then send back

to Earth. The Heater Board (HB) utilizes the information gathered by temperature sensors

mounted on each of the other four Printed Circuit Boards (PCBs) to then provide the
necessary heat through the Heater Assemblies. This entirely assembly is encased by the

Circuit Box that has a single point connector that power and ground back to the lander

shown in Figure 1-2.
5

In the PILS program, the thermal performance is a strict requirement in ensuring

the survival of the hardware and it is fraught with challenges. Among these challenges are:

-

The solar cells have a sensitivity to temperature in their performance that is yet to
be determined.

-

Extended temperature electronics were not available and severe thermal limitations
were placed on the solar cell monitoring electronics due to the fast and low-cost

nature of the project.

-

The solar cells need an unobscured line-of-sight to the sun and therefore the use of
reflective insulation materials is limited.

Overcoming these challenges is the primary focus area of this thesis.
1.2 Literature Review

Solar cells are semiconductor devices that are engineered to provide as much electrical
power as possible relative to the power density of light incident upon them. The incident

solar radiation, or “insolation”, is the intensity of photons as a function of wavelength and
determines the electrical current of the solar cell. In his research, Green [1] discusses a

critical parameter of the material, known as the “band gap”, that determines at which
wavelength of light the solar cells begin absorbing light and relates the electrical voltage

of the cell. The band gap can be optimized such that it is low enough to absorb plenty of
light and have high current, but is high enough to allow for a high voltage. This optimum
performance is based on the sun’s blackbody spectrum, and results in a peak output

efficiency of approximately 30% [1]. The industry has been working on surpassing this
limit using a variety of different methods. The latest of which is being tested as part of the

PILS program.
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Test and models exist on the use of solar cells and arrays in space. However, the
majority of commercial space rated solar cells have only been tested and rated for Earth
orbits such as Low Earth Orbit (LEO) and the geosynchronous equatorial orbit (GEO). As
an example, Appendix A and B show the datasheets on a subset of the solar cells on the

PILS payload which are made by Spectrolab. These particular datasheets show the
performance (efficiency, voltage, current density, etc.) of various solar products in LEO

and GEO environments for up to 15-year missions.
In 2011, Smith [2] developed a thermal model using the NX-6 Integrated Design and

Engineering Analysis (NX-6 I-deas) software to estimate the thermal response of a

CubeSat that carried solar cells in LEO. The primary objectives of this research were to
create a correlated thermal model for the first cubesatellite from the Naval Postgraduate
School, and to develop and conduct environmental testing for launch. Smith goes on to

describe the thermal finite element model that was created in NX-6 I-deas, which is an

integrated software for simulation using a Computer Aided Design (CAD) program by
Siemens. In the end, this particular cubesatellite was analyzed for the worst case hot and

the worst case cold scenario in a 450 km circular orbit around Earth. Smith shared the

thermal vacuum testing margins, methods and results for the SCAT CubeSat. The results

of the thermal model provided temperature predictions that this CubeSat would experience
during its orbit around Earth. These initial predictions were used to create a thermal

vacuum cycle that would stress the CubeSat higher than the predicted temperatures.

Finally, the results from the thermal vacuum tests were used to correlate the thermal modelwhere it was found that the thermal model predicted the thermal response of the CubeSat
during hot soaks much better than the cold soaks.
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In 2012, Li et al. [3] developed a thermal finite element model (FEM) of a whole solar

array in the LEO and GEO environments. The objective was to develop a comprehensive

thermal model for a solar array that considered the coupled thermal effects of the panel,
joints, composite frames, and yokes exposed to various Earth orbits. In all orbit analyses,
the main sources of heat were the sun, Earth-emitted radiation and radiation reflected from

Earth (albedo). The model, in the end, provided a look at temperature distributions across
the whole solar array in both LEO and GEO.

Available literature on thermal models for solar cells in environments outside of Earth

orbits are limited. One such literature by Dec and Amundsen [4] discussed the thermal
performance of the solar array in orbit around Mars with an additional look at using the

solar arrays to aerobrake into its final orbit. The objective of this paper was to develop a
thermal model to accurately predict the thermal behavior of the solar array. Additionally,
the model’s purpose was to ensure that these solar arrays were designed to remain within
the payload’s combined thermal-structural stress limits using Thermal Desktop and

PATRAN to perform these analyses. The model included studies on various honeycomb

core densities and the effect of various view factors caused by different solar array and

spacecraft configurations. The article also discussed the method used to include the effects
of aerodynamic heating, and the data exchange method to perform the Thermal DesktopPATRAN coupled analysis. Finally, the model was used for temperature predictions.

Liu and Dougal [5] discussed a coupled analysis on solar cells that accounted for the
thermal and power performance of the array. The objective of this model was to provide a

method of predicting the combined thermal and electrical performance since the effects of
these aspects are typically analyzed separately. The equations used for this multiphysics
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model were developed in resistive-companion form (RC) and then the model was tested in

the virtual test bed environment (VTB).

Finally, in 2018, Breeding and Johnson [6] presented a thermal model, using Thermal
Desktop, in which the orientation of the thin-film solar cells was optimized to ensure that
enough power would be available for the spacecraft from vehicle separation till end of

lunar surface operations- which lasts a full lunar day. Breeding and Johnson addressed the

need to cool solar cells during lunar surface operations due to the lack of atmosphere in
space to provide diffusion from the sun’s heat and natural convection as a form of cooling.

These authors discussed their solution of tilting the solar arrays so that the back of the solar

cells have an increased view factor to space to allow radiative cooling. They concluded
that tilting the solar arrays was the best way, in their case, to keep the solar array

temperatures within acceptable ranges.
With the exception of Breeding and Johnson’s research, the papers mentioned above

do not address the thermal performance of solar cells for lunar surface operations. The

study done by Breeding and Johnson provides a very good reference of how a solar array
may perform on the lunar surface. Their solution was to tilt the solar array such that the

array’s back could be used to radiate away the sun’s heat. However, the mission for PILS
is to test a variety of the current and next generation solar cells in the lunar environment.
Thus, these solar cells are not in a thin-film array and have been rigidly mounted at an

angle to the lander such that the solar cells will receive the full incident solar energy at

lunar noon. The question remains: how to ensure the PILS payload will survive lunar noon

considering its position cannot be changed.

9

1.3 Thesis Objective
The objective of this thesis was to ensure that the critical components within the PILS
hardware, those that were the most limited in their temperature ratings, remained within

survival limits during transit and within operational limits during the lunar surface

operations. This is the key to success for the PILS program. The challenge in the thermal
design was that the PILS payload would experience cold temperatures during transit due

to its location on the lander, and it would experience hot temperatures during its surface
operations due to its orientation relative to the sun upon landing on the moon.
In this thesis, thermal model of the PILS payload in its mission environments was

created using Thermal Desktop to predict the temperature in the different parts of the PILS.
This model was used to design both active and passive thermal control components to

ensure that the payload is operational in its transit from earth to the moon and for one full

lunar day when it lands on the moon.

10

CHAPTER II

MODEL DEVELOPMENT

2.1 Fundamental Equations
The thermal analysis for the PILS hardware relies mainly on the radiative and
conductive heat transfer equations, where radiation is the dominating mode of heat transfer.

Note that the lack of air in space eliminates the option of heat transfer through convection.
Heat transfer through radiation is broken down into the heat absorbed and emitted by a

given surface where the heat absorbed by a surface is calculated using the absorptivity (a)
of the surface and the incident heat (Qinc) as shown in the following equation:
Qabs = aQinc

(1)

The absorptivity, a, is an inherent property of each material or component. A full
list of the absorptivities used for each component are presented in the next section.

The equation used to calculate the radiation between an object and a large surrounding area
is calculated using the following equation:
Qrad = ^°^s(Ts - Tsurr)

where,

e

(2)

is the emissivity of the surface, a is the Stefan-Boltzmann constant, ^s is the

surface area, Ts is the surface temperature, and Tsurr is the surrounding temperature. The
11

emissivity is inherent to each material or component and a full list of the materials and the

corresponding emissivities are shown in the next section.

The incident heat, Qinc, for the PILS hardware is driven by its environmental heat
sources: solar, albedo and planetshine. Solar is the heat from the direct radiation from the

sun. Albedo refers to the ratio of incident solar radiation that is reflected back to space from
the moon. Finally, planetshine is the solar radiation that was absorbed by the moon and

then is emitted back out in the infrared (IR) spectrum. The values and definitions of each

of these heat sources were taken from the Cross-Program Design Specification for Natural

Environments (DSNE) document [7]. This document was created by NASA in order to
capture specifications for various space environments as a reference for all space

exploration programs. Table 2-1 below, shows the solar and albedo values that should be
used for lunar environments according to DSNE.

Table 2-1: Summary of Solar and Albedo Heating Values

Maximum solar flux

1421 ±5 W/m2

Mean solar flux

1367 ±5 W/m2

Near side average Lunar albedo

0.12

Unlike the solar and albedo heat sources, there are no approximations for the lunar

long-wave radiation (planetshine) since it varies depending on the location of the payload

in orbit or on the moon. Planetshine is broken down into the heat that is reflected from the
sunlit and the dark sides of the moon- also known as the lunar long-wave radiance. The

following equations estimates the lunar long-wave radiance on the sunlit side of the moon,
^LW,sun [7]:

12

^LW,sun ~ (1

(3)

a) So COS (I)

where a is the lunar albedo, So is the solar constant at the appropriate distance from the sun,

and i is the angle between the Moon-Sun vector and the Moon-satellite vector- also called
the solar incidence angle.

The lunar long-wave radiance on the dark side of the moon, !iw,dark, is [7]:
(4)

^LW,dark ~ ea(Tdark)4

where c is the emissivity of the moon in the IR spectrum, o is the Stefan-Boltzmann

constant of 5.67e-8 Wm-2K-4, and Tdark is the temperature of the dark side of the moon.
According to the DSNE document [7], the maximum c of 0.98 and Tdark of 120K is to be
used to analyze the worst-case hot scenario. The DSNE further specifies that the analysis

should add an interpolation to handle the discontinuity where i is 90°. Therefore, the
following equation was used to calculate planetshine while addressing the discontinuity
where i is 90°:

(5)

^LW,sun ~ [(1 — a)(^0) — ^LW,dark] COS (I) + !iw,dark

In review, the three environmental heat sources (solar, albedo and planetshine) are
1’1

•

’1

,1

,

/A

X

•

•

,

,1

TATT

ri

,

,1

1

1*

1

T-11

11

applied as incident heat (Qinc) going into the PILS system through radiation. The absorbed

heat is calculated for each component that has view to these environmental heat sources
•
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using Equation 1. The absorbed heat (Qabs) is then used to calculate conduction throughout
the PILS hardware using equation 6 below.
△T

n
Qcond. — -■kA—

△x
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(6)

where, k is the thermal conductivity, A is the area normal to the direction of heat transfer
AT

and — is the temperature gradient through the material. The thermal conductivity is
nherent to each material, and a list of the thermal conductivities

used for each materialis

provided in the next section. Finally, the heat of the PILS hardware is radiated back out to

space through the components that have view to space using Equation 2.

2.2 Properties
The optical and thermophysical properties such as absorptivity, emissivity,
conductivity, etc. mentioned in Section 2.1 above are detailed here. Unless otherwise noted,

the optical properties of each components were generally pulled from the NASA NESC

Database [8]. Table 2-2 below is a summary of the optical properties applied to all the
components described in chapter I.

Table 2-2: Summary of Optical Properties
Component

Material

Absorptivity

Emissivity

Aluminum
Plates
Brackets

Electroless Nickel

0.4

0.82

Electroless Nickel

0.4

0.82

Circuit Box

Electroless Nickel

0.4

0.82

Daughterboard 1

G10

0.66

0.84

Daughterboard 2

G10

0.66

0.84

Motherboard

G10

0.66

0.84

Plasmaboard

G10

0.66

0.84

Heaterboard1

G10

0.66

0.84

14

Table 2-2: Summary of Optical Properties Continued

Component

Material

Absorptivity

Emissivity

Standoffs

Stainless Steel 304L

0.38

0.13

G10 insulation

G10

0.66

0.84

Honeycomb

0.31

0.8

Front Sheet

Aluminum, clear
anodize
FR4 or G11

0.8

0.8

Solar Cell2

Germanium

0.89

0.85

Mount Panel

Aluminum, clear
anodize
Top layer is 2 mil ALKapton, with Kapton
side facing out to space.
Silver teflon tape, 10
mil, ITO coated,
perforated, conductive
adhesive
0.5 mil aluminized
Kapton tape
Black Kapton

0.31

0.8

0.44

0.08

0.15

0.85

0.14

0.03

0.48

0.03

Regolith5

0.77

0.95

7 layer Multi
Layer Insulation
(MLI) blanket3
Silver Teflon

Aluminum
Tape4
Mount Panel

MLI
Lunar Surface

NOTE:
1

The emissivity value is an average of the values listed in Table 5 in Reference 9.

2

The absorptivity and emissivity of the solar cell was provided in the datasheet in
Appendix A.

3

Good MLI blankets are generally in the range of 0.03 to 0.05 (Reference 10). However,
a value of 0.08 was used to be conservative and capture the case where the blanket is
perhaps not well made.

3
4

Appendix C
The regolith was set as arithmetic (zero capacitance). This means that this component
only participated in radiation heat transfer, and did not have any thermal capacitance.
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Additionally, the regolith representing the lunar surface was only modeled in the lunar
surface case. It was excluded from all other phases of the mission mentioned later in
this report.
Table 2-3: Thermophysical Properties
Component

Material

Conductivity
(W/m-C)

Density
(kg/m3)

Specific Heat,
Cp (J/kg-C)

Aluminum
Plates

Aluminum 6061-T6

2707.12

Brackets

Aluminum 6061-T6

Circuit Box

Aluminum 6061-T6

Daughterboard 1

G10

86.5 - 176.5
(depending on
temperature)
86.5 - 176.5
(depending on
temperature)
86.5 - 176.5
(depending on
temperature)
0.29

1799

343.3 - 1080.19
(depending on
temperature)
343.3 - 1080.19
(depending on
temperature)
343.3 - 1080.19
(depending on
temperature)
1464

Daughterboard 2

G10

0.29

1799

1464

Motherboard

G10

0.29

1799

1464

Plasmaboard

G10

0.29

1799

1464

Heaterboard

G10

0.29

1799

1464

Standoffs
G10 insulation

Stainless Steel 304
G10

16.3
0.29

504
1799

8030
1464

Honeycomb

Aluminum 5056

72

904

Front Sheet

FR4 or G10

Varies with
temp
0.29

1799

1464

Solar Cell

Germanium

58

5325

Mount Panel

Aluminum
honeycomb 5052
core, AL 2024 T6
skins
Regolith1

-

-

-

-

Lunar Surface
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2707.12

2707.12

NOTE:
1 The regolith was set as arithmetic (zero capacitance). This means that this component
only participated in radiation heat transfer, and didn’t have any thermal capacitance.
Additionally, the regolith representing the lunar surface was only modeled in the lunar
surface case. It was excluded from all other phases of the mission mentioned later in this
report.

Similar to the optical properties, the NESC database was generally used to define the
thermophysical properties. Table 2-3 above is a summary of the thermophysical properties

applied to all the components.
Various adhesives are used throughout the assembly. RTV566 is used to adhere the

solar cells to the Front Sheet. Silver Teflon tape is used on the Front Sheet surface to help
radiate the heat of the PILS assembly to space ensuring that the internal PCBs remain

within operating temperatures during lunar surface operations. Finally, the epoxy used on
both sides of the honeycomb core was 3M DP420. The conduction through these adhesives
were captured through contactors which are non-graphical representations of conduction

or radiation in Thermal Desktop. The heat transfer through these materials are summarized

in the table below.
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Table 2-4: Summary of Thermophysical Properties of Adhesives
“From”

“To”

Component

Component

Solar Cell

Front Sheet

RTV 5661

0.31

0.000508

Silver Teflon
Tape

Front Sheet

0.18

0.00005

Honeycomb

Aluminum Plate

Conductive
Acrylic 3M™
9703 PSA2
3M DP4203,4

0.104

0.002

Front Sheet

Honeycomb

3M DP4203,4

0.104

0.0002

Material

Conductivity

Thickness (m)

(W/m-C)

NOTES:

1 Reference 11.

2 Reference 12.
3 Reference 13.
4 Reference 14.
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CHAPTER III
MODEL

This chapter discusses how the thermal model was set up in Thermal Desktop. In

particular, the assumptions, graphical model, orbital definition, and various case studies
are detailed below.

3.1 Thermal Model Assumptions
A series of assumptions were made in the modeling of the PILS payload in Thermal

Desktop. The assumptions defined in this thesis were driven by requirements from the
lander and the PILS program. First, it was assumed that the PILS payload was thermally
isolated from the lander. In reality, the PILS payload is mounted to a panel which also
functions as a radiator for the lander in some areas. However, no additional heat was

applied to the panel the PILS is mounted on in the model and G10 insulation was added to
ensure thermal isolation. The radiator is modeled along with the PILS payload to only

capture any shadowing that may occur due to its geometry.

Next, it was assumed that the solar array of the lander is always sun pointing throughout
the transit. Although this solar array is not in the thermal model physically, the plane on

which the solar array exists is defined as sun pointing throughout the transit (shown in
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Figure 3-1). This will ensure that the incident angle of environmental heat is properly
captured since the payload is not normal to environmental heat during transit.

Figure 3-1: View from the Sun's perspective in Transit

It was also assumed that the landing would occur at 55 hours after lunar dawn and that
the solar cells on the PILS payload would be sun pointing for the duration of lunar surface
operations, as shown in Figure 3-2 below. These assumptions were taken from the

description of the mission.

Figure 3-2: Payload attitude during Lunar Surface Operations
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Finally, the heaters were sized for a deep space environment with no view to the

sun or any planets (solar flux, planetshine, and albedo were all set to 0).

3.2 Thermal Desktop Model
3.2.1

Graphical Model

The thermal model for the PILS payload was developed using basic geometries native
to TD (such as bricks, 2D surfaces, etc.). Figures 3-3 through 3-6 below show the graphical
representation of the overall PILS model relative to the lunar surface, its front and back

view, and the internal PCBs model, respectively.

Figure 3-3: Overall Graphical Representation of the PILS thermal model
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Figure 3-4: Thermal Model of PILS assembly, Front View

Figure 3-5: Thermal Model of PILS Assembly, Back View
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Figure 3-6: Thermal Model of the Internal PCBs

3.2.2

Thermal Protection

Since the PILS payload is exposed to extreme conditions during its mission, it was
necessary to choose an adequate thermal protection to ensure all critical components

(Internal PCBs) remained within their survival temperature limits. The first round of

analyses included a 7-layer MLI blanket that covered the entire assembly except for the

solar cells. The initial results showed that the circuit boards inside the circuit box were
overheating. After ensuring this was not due to modeling errors, a few concepts were
modeled and analyzed to prevent this problem:

1

Radiator panels on the sides of the brackets.

2 Eliminating MLI and radiator panels from the sides of the brackets. This exposed
the brackets in the hopes that the circuit box would radiate to space.
3

A radiator panel perpendicular to the surface holding the solar cells.
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4 Silver Teflon coating on the Front Sheet (except for the solar cells) and MLI
covering the rest of the assembly.

The first three concepts did not work, and all resulted in the circuit board
overheating- especially during lunar surface operations. This was because there was no
conductive path from the circuit boards to the radiator panel for the radiator to be

effective. The fourth solution proved to be the most helpful, as it managed to keep all
components within survival temperature ranges. The schematic of this solution is shown

in Figure 3-7.

Figure 3-7: MLI and Silver Teflon on the PILS assembly

3.3 Orbital Definition
The lander is intended to start its mission from Low Earth Orbit (LEO). This means
that a third party will be responsible for the launch from Earth and delivery to LEO. From

LEO, the lander will separate and then begin its journey towards the lunar surface. The
rocket and launch provider were unknown at the time this analysis was performed.
Therefore, the PILS payloads were only analyzed from transit to Lunar Surface operations.
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The mission was divided to six phases in the model: transit orbit; lunar orbits 1, 2, and 3;
descent; and lunar surface.

The first phase of the mission is the transit orbit, shown in Figure 3-8. The transit

was modeled by only having the solar flux as the environmental heat source (planetshine
and albedo is 0) since the payload would be out of range of Earth and Lunar radiation
during this time. Therefore, choosing either Earth or the moon within Thermal Desktop for

these analyses case will not have an impact on the results. The analysis performed, in this

case, used Earth to model the transit orbit.

Figure 3-8: Transit Orbit

The remainder of the orbit definitions were derived from the lander’s environmental

specifications. Table 3-1 below is a summary of all the orbits that were used to define

various phases of the mission.
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Table 3-1: Orbital Definition

Orbit

Altitude

Inclination

Period

Transit between LEO
and Lunar Orbit
Lunar Orbit 1
Lunar Orbit 2
Lunar Orbit 3
Descent
Lunar Surface

2000 km

-

-

8700 km x 100 km
750 km x 100 km
100 km x 100 km
15 km x 15 km
0.0003 m

56-57 degrees
56-57 degrees
56-57 degrees
45 degrees
45 degrees

12 hours
258 hours
72 hours
1.5 hours
192 hours

Figures 3-9 through 3-12 show the PILS model in the lunar orbits and descent.

Note that these figures are not to scale.

Figure 3-9: Lunar Orbit 1
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Figure 3-10: Lunar Orbit 2

Figure 3-11: Lunar Orbit 3
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Figure 3-12: Descent

Lunar Surface is modeled uniquely in Thermal Desktop. Here, the solar vector and
the planetary body are fixed points while the hardware moves along the defined orbit. In

order to model lunar surface operations, an orbit was defined where the latitude was fixed

at 45° as defined by landing location provided by the lander. The longitude was left

undefined so that it would vary in the orbit and the altitude of the orbit was set very low
(0.0003 m), shown in Figure 3-13 below. So, in this model, the payload is the object
moving in and out of the sun vector and shadow thus creating an equivalent version of the

sun moving relative to the hardware fixed at one point on the planetary body.
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Figure 3-13: Lunar Surface
Additionally, as shown in Figure 3-3 earlier, a 2D disc was modeled to represent
the regolith that exists on the lunar surface. This disc was given the optical properties of
regolith and then set as an “arithmetic” node, meaning that it cannot hold any thermal

capacitance. So, the radiation the PILS payload would receive while on the moon is

captured by the radiation exchange by the 2D disc and the PILS payload.

3.4 Sensitivity Analysis on Uncertain Properties
A parametric study was performed to check the sensitivity of any variable for which

a good source was not available. The variables in question were the specific heat of the 3M
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DP420, 3M Acrylic Conductive 9703 adhesive, the thermophysical properties of the PCBs
(conductivity, density, and specific heat), and the contact conductivity between

components. For these analyses, the assembly was run in a Low Earth Orbit (LEO) at
steady state with the solar array of the lander always sun-pointing. This was done to isolate
the variable in question and ensure that any temperature changes would not be from the

environmental heat sources.

3.4.1

Contactors for Adhesives

The NESC database provides a comprehensive list of optical and thermophysical
properties. However, information was not available in this database for two items that were

used in the PILS assembly. Therefore, new entries were added to account for the missing
materials including the adhesive used to laminate the honeycomb core to the components

on either side, and the adhesive on the silver Teflon tape.
Thermal Desktop requires three thermophysical properties for each substance:

density, conductivity and specific heat. The datasheets for these adhesives did not include
information about their specific heats. However, the manufacturer of these adhesives

provided datasheets for similar products that mentioned a specific heat in the range of 1200
to 1400 J/K-kg. Therefore, a few cases were run to check the sensitivity of the thermal

analysis to the specific heat value.

A transient sun- synchronous LEO was created and used to evaluate the effect of changing
the specific heat by an order of magnitude. This environment ensured that the only reason

temperatures would differ would be due to the change in specific heat of the particular
material. The results of these cases showed that the temperatures of the honeycomb and
the Front Sheet, which are the components the 3M DP420 and the 3M Acrylic Conductive
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9703 adhesives were applied to respectively, did not change. The temperature results show
that specific heat was not a significant variable in the temperatures the relevant components

experience. The specific heat affects the rate at which these components hit these
temperatures. However, this design and analysis focuses on keeping the temperatures of

the critical components within the operational range. Therefore, the rate at which these

temperatures are met is insignificant compared to keeping the min and max temperatures
within the operational range of the component.

3.4.2

Material for Internal PCBs
The thermal conductivity of a PCB varies with each design. An estimate can be

made for each PCB based on the ratio of copper to G11/FR4 material in each layer.
However, this is a lengthy process and is usually invoked for special scenarios where small

changes in thermal conductivity is significant in the given case. Consequently, a few cases
were run to check the sensitivity of the model to the thermal conductivity of a PCB.

Table 3-2: Printed Circuit Board Materials
Material

G10

PCB (0.1% Cu by
volume)
PCB (0.2% Cu by
volume)
PCB (4.6% Cu by
volume)
PCB (13% Cu by
volume)

Thermal
Conductivity
(W/m°C)
0.29

Density (kg/m3)

Specific Heat
(J/kg°C)

Temperature
(°C)

1799

1464

0.73

1945

1598.79

1.12

1951.99

1597.57

18.04

2259.77

1544.11

50.35

2847.35

1442.05

28.24 to
31.28
28.26 to
31.27
28.27 to
31.27
28.44 to
31.25
28.49 to
31.25
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A sun-synchronous LEO environment was used to run the cases mentioned in Table
3-2 above, similar to Section 3.4.1. However, this time, the analyses were run at steady
state and the properties used in this set of analyses already exist in the NESC database.

As shown in Table 3-2 above, the temperature only varied about 0.25 °C on the
cold end and 0.03 °C on the hot end. Thus, proving that any of the materials mentioned in

the table above can be used to represent the Internal PCBs within the PILS payload. G10

was chosen for the rest of the cases.
3.4.3

Contact Conductivity
The contact conductivity in a bolted joint is complicated to calculate since it can be

affected by many factors such as the joint materials, surface finishes, bolt pattern, and boltto-bolt distance. So, some cases were run to look at the effect of contact conductivity within
the PILS system. The sun-synchronous, steady state LEO environment mentioned in the

previous section was used again in this set of cases to ensure that differences in temperature

was only due to the change in the chosen variable- the contact conductivity.

First, the contact conductivity between the stainless-steel standoffs and the PCBs
were varied from 715 to 15000 W/m2°C. The effect of this contact conductivity on each

Internal PCB is shown in Figure 3-14 below. Each PCB had four nodes in the thermal

model, however only one node from each component is represented in Figures 3-14 and 3
15 since the rest of the nodes had approximately the same temperature as the representative

nodes with a margin of less than ±0.5 °C.
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--- DAUGHTERBOARD!
--- DAUGHTERBOARD!
--- HEATERBOARD
--- MOTHERBOARD
--- PLASMABOARD

Figure 3-14: Contact Conductivity between Standoff and PCB

Figure 3-14 displays that the change in contact conductivity does have some effect
on the temperatures of each PCB. However, the scale of the y- axis is only about 5 °C.
Taking a closer look at the trend with the most drastic change in temperature shows that

the temperature only varies approximately 2.5 °C. Thus, it was concluded that the contact

conductivity between the stainless-steel standoffs and the PCBs was not significant.
Ultimately, a contact conductivity of 1000 W/m2-°C was used in the rest of the analyses.
Second, the contact conductivity between the stainless-steel standoffs and the

aluminum plate the PCBs are mounted on were varied from 150 to 15000 W/m2-°C. The
results of this parametric study are shown in Figure 3-15 below. The y-axis shows that the

scale of temperature change is 10 °C. However, looking at the trend with the most drastic
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change in temperature shows that the maximum change in temperature is 7.2 °C.

Considering a contact conductivity of 1000 W/m2°C, the change in temperature is only

about 1.6 °C. Therefore, it was concluded that the overall effect of the contact conductivity
between the stainless steel standoffs and the PCBs is insignificant, and 1000 W/m2-°C was

used for the rest of the analyses.

Figure 3-15: Contact Conductivity between Standoffs and Al Plate
Finally, the contact conductivity between the two aluminum plates within the PILS

assembly was scrutinized. The first aluminum plate is the one epoxied to the one side of
the honeycomb core. The other is used as a mounting surface for the Internal PCBs. The

contact conductivity in this interface was varied from 150 to 5000 W/m2-°C. The results of
this parametric study show that the temperatures did not change. So, the effects of contact

conductivity in this interface on the PILS system was determined to be insignificant. For
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the remainder of the analyses, a contact conductivity of 200 W/m2-°C was used between
the aluminum plates.

3.5 Cases Analysis
The mission case setups such as the zero sink case, nominal orbits and off-nominal
landing on the lunar surface are outlined here.

3.5.1

Zero Sink Case

The Zero Sink Case captured the cold case for the mission where, as mentioned in
the assumptions, the heaters were sized for a deep space environment with no view to the

sun or any planets (solar flux, planetshine, and albedo were all set to 0).

3.5.2

Nominal Orbits Hot Case

The thermal response of the PILS payload was analyzed considering the hottest

environmental heating values provided by the DSNE document [7], since the heaters were
already sized for an environment much colder than the PILS assembly would experience

in mission. In short, the maximum solar flux value (1426 W/m2) was used to analyze the
thermal response of the PILS hardware throughout the mission.

Additionally, the heat generated by the internal PCBs had to be considered.
Therefore, a case was run where the components were powered off and no additional heat

generation by the circuit boards was applied. Then the same case was run again with the
inclusion of the heat generated by the components within the circuit box.
The four main circuit boards generate a total of 1.75 Watts of heat. From this, the
motherboard generated about 1.15 Watts, each daughterboard generated 0.25 Watts, and

the Plasmaboard generated 0.1 Watt. The heat generated by the motherboard is constant
while it is powered on. However, the heat generated by the daughterboards and the
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Plasmaboard is only for a couple seconds at a time. The time that the daughterboards and
Plasmaboard were generating heat was significantly small compared to the total mission
duration. However, it was still important to capture the total heat generated. Therefore, all

the heat was applied to the motherboard since it generated the bulk of the heat and this heat

was constant while powered on.
3.5.3

Off-Nominal Landing on Lunar Surface Case

The lander can correct its position throughout the transit. However, the position of
the lander cannot be adjusted once its feet have touched the ground. The PILS payload is

designed such that the solar cells will be normal to the sun at lunar noon in order to capture
the highest amount of the sun’s energy. Therefore, the possibility that the lander could land
such that the PILS payload is not sun-pointing had to be considered. So two additional

cases were run to check on the effects of landing with a margin of +/-45° to the sun at lunar

noon- shown in Figure 3-16 and 3-17 for reference.

Figure 3-16: -45° Degree Landing
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Figure 3-17: +45° Degree Landing
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CHAPTER IV

RESULTS
The results of all the case studies that were performed in order to understand the
thermal performance of the PILS payload throughout the entire mission are discussed in
this chapter. First, the general temperature trend during each mission phase is analyzed.

Next, the temperature predictions for all components throughout transit are summarized
with respect to protoflight margins from SMC-S-016 [15]. Multiple Lunar Surface

temperature predictions and case studies are shown next. Finally, the heater sizing for the

PILS payload is provided.

4.1 General Temperature Trends for Nominal Orbits
The general temperature trend during each mission phase is discussed in detail in
this section. As discussed earlier, the phases of the mission are the transient orbit, lunar

orbits 1, 2, and 3, descent, and lunar surface. The duration of each of these phases is

summarized in Table 3-1. These temperature trends are mainly used to provide a first look

at the temperatures to expect of the payload given the mission phase/definition. They are
also a means to verify the solution convergence and the environmental definition in each

mission.
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Figures 4-1 through 4-6 show the changes in temperature of Daughterboard 1 vs

time in different orbits to provide a comparison of each orbit. Daughterboard 1 was chosen
as the representative component for this comparison since it is one of the largest Internal

PCBs with no heat generated while the PILS payload is powered on- thus providing a quick
look at the cold temperatures most of the Internal PCBs experience. Note that the model

predicts the temperature in four nodes of the Daughterboard 1 component, and the results
for these nodes are shown in each figure.

4.1.1

Transit

Figure 4-1: Temperature Trend for Daughterboard 1 in Transit

The temperature of Daughterboard 1 versus time during Transit is shown in Figure

4-1. This Figure shows that the temperature remains constant within the representative
component, Daughterboard 1, throughout transit. This trend is to be expected considering
that the payload never goes into shadow in this phase as shown in Figure 3-8 earlier.
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4.1.2

Lunar Orbit 1

Lunar Orbit 1 is the first orbital case where the payload goes into shadow behind
the moon. Figure 4-2 shows the temperature of Daughterboard 1 vs time in Lunar Orbit 1.

It is noted that the temperature increases up to 258,000 seconds and then decreases for the
remainder of the time. This shows that in the 12 hours the PILS payload is in Lunar Orbit
1, the effects of the shadow period only lasts 2000 seconds, or approximately half an hour.

The shadow period is indicated in Figure 4-2 by the drop in temperature between 258,500
to 260,500 seconds. In the case of Lunar Orbit 1, the highest temperatures are experienced
right before entering shadow due to the payload being closest to the moon at this time-

where the payload will experience peak planetshine. After exiting the shadow period, the
payload experiences a rise in temperature until about 264,000 seconds. At this point, the

orbit gets farther from the moon, as observed in Figure 3-9, which decreases the effects of
planetshine on the payload- thus causing a slight decrease in temperature for the remainder

of the time in this case.
It is noted that there is a misalignment in time between the end of Transit and the
start of Lunar Orbit 1. The start time of Lunar Orbit 1 was back-driven by the landing time

on the Lunar Surface case and starts at 250,000 seconds, while an arbitrary time period of
50,000 seconds is considered for Transit phase in Figure 4-1. Since this figure shows that
there is no temperature change while in Transit, it is concluded that Daughterboard 1 would

experience the same temperatures at the end of any arbitrary time period selected for the
Transit phase and at 250,000 seconds where Lunar Orbit 1 begins.
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Figure 4-2: Temperature Trend for Daughterboard 1 in Lunar Orbit 1
4.1.3

Lunar Orbit 2

The PILS payload is expected to be in Lunar Orbit 2 for up to 258 hours as
mentioned in Table 3-1. Analyzing all 258 hours was not necessary since the results would

just show that the PILS payload went through the same orbit 103 times in that time period.
Therefore, the analysis was only run for about 18 hours, which is a fraction of the total

mission time for Lunar Orbit 2. This gave a total of 7 cycles in the results to analyze. Figure
4-3 below only shows about 3.5 cycles since the remainder cycles looked identical to cycle
3. This case was initialized by the temperatures from Lunar Orbit 1, which explains the

lower temperature observed at the start of the first half cycle. Then the temperatures settle
down and become consistent within 3 full cycles. Looking at the first full cycle in Figure

4-3 shows that the temperature increases till it peaks at about 302,500 seconds. Then, the
temperature decreases till about 305,000 seconds- at which point the temperature stays

constant at this cold state till about 313,750 seconds. The period of time when the
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temperature remains constant at a cold state indicates that the effects of the shadow period
lasts approximately 2.43 hours.

Figure 4-3: Temperature Trend for Daughterboard 1 in Lunar Orbit 2
4.1.4

Lunar Orbit 3

Lunar Orbit 3 is expected to last 72 hours. Similar to Lunar Orbit 2, it’s not
necessary to run all 72 hours as the results would be repetitive. Therefore, only a fraction

of the total time was run. In this case, Lunar Orbit 3 was run for 20 hours which provided
results for 10 orbital cycles. Only the first three full cycles are shown in Figure 4-4 below
since it includes the transition temperatures from Lunar Orbit 2 and enough cycles for the
payload to settle into this particular orbit. Figure 4-4 shows that the temperature increases

till about 367,500 seconds , then decreases till about 368,750 seconds. Taking a closer look,

it is seen that the slope changes subtly into a parabola between 368,750 seconds and
372,500 seconds. This is considered to be the shadow period and is approximated to last 1

hour. Then, the temperature increases again towards the next peak.
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Figure 4-4: Temperature Trend for Daughterboard 1 in Lunar Orbit 3
4.1.5

Descent

The descent phase is expected to last a total of 1.5 hours. However, to ensure that
the temperatures are consistent throughout the orbital calculations, more cycles were
required and consequently, a longer time was used for this phase. Figure 4-5 below shows

the 3 cycles leading up to landing on the Lunar surface. The last 3 cycles are scrutinized

because the ending time of this mission phase is crucial in initializing the Lunar Surface
case. The ending time of 1,470,000 seconds is the time the PILS payload is expected to

land on the moon, which is approximately 55 hours after lunar dawn. In looking at the first

cycle in Figure 4-5, it is seen that the temperature increases till about 1,453,750 seconds.
Then the temperature decreases till about 1,456,250 seconds. Here, a similar parabola curve
as discussed in Lunar Orbit 3 is observed till about 1,458,750 seconds- thus indicating that

the shadow period lasts approximately 0.69 hours.
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Figure 4-5: Temperature Trend for Daughterboard 1 in Descent
4.1.6

Lunar Surface

The temperature trend of Daughterboard 1 versus time on the Lunar Surface case

is shown in Figure 4-6. Although Lunar surface operations are only intended to last 192

hours (8 days), the Lunar Surface analysis in Figure 4-6 shows the results for 12 days (half

a lunar cycle or one lunar day). The entire lunar day was run in order to understand the
effect on component temperatures leading up to and following lunar noon. Figure 4-6

shows that the temperature increases upon landing and peaks roughly around 2,000,000

seconds which is identified as “lunar noon”. The temperature remains constant at this peak
for about 2,150,000 seconds- at which point the temperature then decreases for the

remainder of the time. It is noted that the PILS payload lands on the moon 55 hours after
lunar dawn or 1,470,000 seconds. Considering the mission time of 192 hours, the
temperature results up to 2,161,200 seconds are considered relevant to the mission.
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Figure 4-6: Temperature Trend for Daughterboard 1 on Lunar Surface

The temperatures trends discussed above are a part of the results from the analyses
that included heat generated by the Internal PCBs. These temperature trends are the same

for the analyses where the heat generation from the internal components were excluded.

The difference between the two sets of analyses is the magnitude of the temperature values
for each component.
4.1.7

Summary

The results of the thermal analysis can be used to determine the highest and lowest

temperatures of the different components of the PILS in each of the phases of the mission.
These temperatures should be compared with the allowable limits for each component to
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ensure proper operation and success of the mission. This comparison is performed in this
section for two cases, with or without the heat generated by the Internal PCBs.

The temperatures obtained in the thermal analysis are adjusted before being used

in the comparison. Due to the SMC-S-016 document, a margin of +/- 11°C had to be

applied for analysis uncertainty/ flight acceptance. Then an additional margin of +/- 5 °C
was applied to all temperature predictions for the “protoflight” testing. This means that the
unit being tested is the unit that will be flown. Unlike a “qualification” unit, where the unit

being tested would be tested harder than the flight unit to prove out the overall mechanical,

structural, electrical and thermal design. Therefore, the operating temperatures used in
Tables 4-1 and 4-2 include a +/- 16 °C margin.
The allowable temperature limits for each component include the operational

temperature limits, and the storage temperature limits. Storage temperatures mean that the
components will survive, but cannot be powered on while outside the operational range.

The adjusted temperature limits from the thermal analysis are compared with the
allowable temperature limits for critical component in Tables 4-1 and 4-2 for the cases with

or without heat generated by the Internal PCBs, respectively. The results written in green
indicate that the temperatures are within operational range. Meanwhile, the results in

orange indicate that the temperatures are outside of operational, but still within the storage
temperature range. Finally, the temperatures written in red indicate that the component is
outside of storage temperature limits.

These tables show that all critical components are within operational range
throughout the entire transit from LEO to Descent with or without the heat generated by

the Internal PCBs- meaning that all critical components will be within operational range
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regardless of the Internal PCBs being powered on or not. Note that Table 4-1 does not show
the results of the Lunar Surface case, because the PILS payload will be powered on during
this phase of the mission and so the Internal PCBs will generate heat. Additionally, Table

4-2 does not provide temperature results for the Descent case since no power will be

provided by the lander during this portion of the mission.
The results of the Lunar Surface case from Table 4-2 indicate that most of the

Internal PCBs are within storage temperatures, but are outside of operational temperatures

upon landing on the Lunar Surface. Note that the Motherboard, the component generating
most of the heat, is within operational temperatures. Overall, this set of results indicate that

additional heater power will be required initially after landing to bring all components
within the operational range.

Since the temperatures of most critical components were not in the operational

range on the lunar surface, even with heat generated by the PCBs, an additional source of
heat should be added to the PILS to be used during the lunar surface phase.
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Table 4-1: Temperature Results for Nominal Orbits Without Heat Generated by Internal PCBs
Component
Temperatures
(C)

Operational
Temperature

Storage
Temperature

Transit

Low

Lunar Orbit 2

Lunar Orbit 1

High

High

Low

Low

Lunar Orbit 3

Low

High

High

Descent

High

Low

Aluminum Plate

-4.8

27.9

-7

43

-22

56

-8

71

-8

62

-109

-61

-109

-50

-104

-31

-78

-15

-74

5

-95.9

-61.1

-96

-54

-92

-32

-66

-18

-59

-6

-11.6

22.2

-11.5

32.5

-23

44

-10

59

-9

51

-11.7

22.2

-11.5

32.5

-24

44

-10

59

-9

51

-113.7

-79

-114

-70

-113

-52

-92

-42

-85

-31

-4.75

28

-7

43

-22

56

-8

72

-8

62

-12

21.4

-12

31

-23

43

-10

58

-9

50

-8.3

28.8

-8

44

-22

58

-8

72

-8

62

-9

23.38

-9

35

-22

47

-9

62

-8

54

-6.72

25.56

-8

39

-22

52

-8

66

-8

58

-4.2

29.3

-7

45

-22

58

-8

73

-8

62

Bracket

Circuit Box

Daughterboard 1

-35 to 35

-55 to 125C

Daughterboard 2

-35 to 35

-55 to 125C

GID

Honeycomb
Motherboard

-35 to 35

-55 to 125C

PI board

-55 to 150

-55 to 150

Plasma Board

Heaterboard

-35 to 35
-35 to 35

-55 to 125C
-55 to 125C

Solar Cells
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Table 4-2: Temperature Results for Nominal Orbits With the Heat Generated by Internal PCBs.

Component
Temperatures
(C)

Operational
Temperature

Storage
Temperature

Lunar Orbit 1

Transit

Low

High

-1.45

31.65

High

Low

Lunar Orbit 2

Lunar Orbit 3

Low

Low

High

High

Aluminum Plate

-5

47

-18

60

-5

-54

-104

-46

-99

-26

-76

Daughterboard 2

-35 to 85
-35 to 85

-89.2

-53.8

-89

-47

-85

-26

-60

-13.5

-6.8

28.5

-7

38.5

-18

50

-5

65

-55 to 125C
-55 to 125C

-7.6

27.4

37.5

-7.5

-19

50

-6

-78.2 -113.5

-69.5

-112

-52

-91

-55 to 125C

PI board

-55 to 150

-55 to 150

Plasma Board

-35 to 85

-55 to 125C

-35 to 85

-

-

-

-

-

-

-

-

-

-

-

Low

High

-51

66

-48

91

-41

76

-48

66

-48

66

-71

71

-51

63

-4

47

-18

60

-5

74

12.|| 46.2

12.5

55

2

66

14

79

-26

82

32.5

-5

47.5

-18

61

-6

76

-50

66

-4.4| 29.2

-4.5

40.5

-18

53

-4

67

-48

66

30.3

-4

43.5

-18

56

-5

71

-51

66

-21

66

-5.5

Heaterboard

-

Lunar
Surface

31.5

-1.45
-35 to 85

-

-42

Honeycomb
Motherboard

-

64

GIO

-113.2

High

-12

Circuit Box

Daughterboard 1

Low

74

Bracket

-104

Descent

-

-

-55 to 125C

-2.85
Solar Cells

-0.9

32.7

-4

49

48

-18

61

-6

76

-

-

-

-

.

-

4.2 Heater Sizing
The results from the previous section showed that an additional heater would be needed
for the components to operate in the allowable temperature limits. As mentioned in Section
3.1, the heater had to be designed for a “0 sink” environment, with no solar, albedo or

planetshine flux, and the Space temperature set to 3K.

The heater function within Thermal Desktop was set to turn on at -35°C and turn off at
55°C, and an upper limit of 3 Watts was set on each PCB. Table 4-3 shows the breakdown

of the heat each PCB needs in order to stay within operational limits for the 0 sink case.
Table 4-3: Heater Sizing for Zero Sink Case
Component

Heat Required (Watts)

Daughterboard 1

2.24

Daughterboard 2

2.25

Motherboard

2.26

Front Sheet

2.99

Heaterboard

2.23

Total

11.97

A total of approximately 12 Watts is required to keep all the PCBs and the Front
Sheet within operational limits. No margin was added to this power for the heater design,
as the SMC-S-016 dictates, since an unlikely cold environment was considered in obtaining

this value.
After designing the heater, its effect is evaluated on the results of the thermal

analysis of the PILS. The analysis of nominal orbits with and without the circuit board heat

generation showed that the only phase where the critical parts would not operate in the
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allowable range was the Lunar Surface. Therefore, a parametric study was performed to

find the heat required for these components temperatures to be in the acceptable range.

Table 4-4, is the results for the Lunar Surface case that was initialized with the results from
the Descent case without the heat generated by the Internal PCBs. Additionally, 4.75 Watts

of heat was applied to the Internal PCBs in this case.
Table 4-4: Lunar Surface with 4.75 W on Internal PCBs, Initialized with No Heat
during Descent
Component
Temperatures (C)

Operational Temp
(C)

Storage
Temperature
(C)

Temperature
with 4.75 W
on Internal
PCBs (C)

Low
Daughterboard 1

-35 to 85

-55 to 125C

-21

Daughterboard 2

-35 to 85

-55 to 125C

-21

Motherboard

-35 to 85

-55 to 125C

-18

Plasma Board

-35 to 85

-55 to 125C

-27

Heater Board

-35 to 85

-55 to 125C

-35

This table shows that 4.75 Watts of heat will be required to bring all critical
components within operational range after landing on the moon. Considering SMC-S-016,

a heater margin of 25% heater margin is added. Therefore, with the margin, a total of 5.9
Watts of total heat should be enough for the PILS payload. In the case of the PILS
hardware, 1.75 Watts of heat is generated by the components while powered on. The

remainder, 4.15 Watts, must come from additional heaters designed into the hardware.
Since the power of the heater designed is 12 Watts, it is concluded that adding this heater
to the PILS would ensure the successful operation of the unit.
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4.3 Effects of Landing Accuracy on Lunar Surface
The lander is able to adjust itself so that its solar array is sun-pointing throughout

transit. However, the lander cannot adjust its attitude once it had touched lunar ground.
Therefore, a tolerance of +/-45° was considered for the angle of landing relative to sun and

its effect on the thermal analysis was investigated.
The incident solar flux is the total energy the solar cells experience from the sun.
The incident solar flux is then converted to absorbed solar flux based on the optical
properties of the particular component. Then the temperatures are calculated based on the

absorbed solar flux. In conclusion, the incident solar flux is the factor affecting the

maximum temperatures of the solar cells, and so the incident solar flux on the solar cells
was investigated in different angles of landing. Figures 4-7 through 4-9 show the amount

of incident solar flux on the solar cells as a function of time in the lunar surface phase for
nominal landing, and at angles of -45° and +45°, respectively.

Figure 4-7, shows the incident flux is approximately 1420 W/m2 on the solar cells
when considering that the lander is nominally positioned upon touching lunar ground. It is

also seen that the solar cells experience lunar noon at approximately 2E6 seconds.

52

Figure 4-7: Incident Solar Flux on solar cells with Nominal Landing

Figure 4-8 shows that landing -45° to the sun still provides an incident solar flux of
approximately 1420 W/m2. However, lunar noon is experienced at approximately 2.25E6
seconds. Conversely, Figure 4-9 shows that landing +45° to the sun still provides a solar

flux of approximately 1420 W/m2. However, lunar noon is experienced at approximately
1.75E6 seconds. Therefore, since the incident solar flux is roughly the same in all cases
investigated, it can be assumed that the temperatures experienced by the solar cells will be

about the same in each landing orientation, but the max temperatures will be shifted +/- 70
hours depending on the landing orientation. Consequently, the effect of the orientation of
landing on the results of the thermal analysis is negligible.
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Figure 4-8: Incident Solar Flux on Solar Cells with Landing at -45° to the Sun

Figure 4-9: Incident Solar Flux on Solar Cells with Landing at +45° to the Sun
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4.4 Testing
Thermal vacuum testing was performed to verify the workmanship of the PILS

assembly. The PILS assembly underwent four thermal vacuum cycles. Each cycle
consisted of exposing the assembly to its cold operational limit till the temperatures

stabilized, then exposing the assembly to its hot operational limit till the temperatures

stabilized again. The test also demonstrated multiple hot and cold starts. A hot or cold start
test is where the unit is pushed past its operational temperature limits, and is brought back
into the operational range to test whether the electronics shut down and restarted at the

designed limits. It was concluded that the test was successful since the unit was tested to

its limits and was still functional at the end. However, enough data about the environment
was not available to perform model validation. Thermal testing to allow for model

validation is suggested for future work.
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CHAPTER V

CONCLUSIONS
The objective of these studies was to analyze the PILS thermal system and optimize
the thermal protection system. The analyses showed that all critical components remain

within the operational range throughout the transit regardless of the Internal PCBs being
powered on or not. The analyses for Lunar Surface operations showed that the Internal

PCBs remain within storage temperatures upon landing. It was determined that a total of

about 5.9 Watts of heat will be required to keep all critical components within operational
range. The thermal protection system proved to be successful at maintaining all critical
components within operational range throughout the entire mission with a 12-Watt heater.

The trade analyses of landing on the lunar surface off-nominally showed that the

PILS assembly will experience the same incident solar energy but the time at which the

peak incident energy will be experienced may shift +/-70 hours depending on the landing
orientation. Thus, it was concluded that the max temperatures the payload will experience

on the lunar surface will be the same, but the time at which these peak temperatures occur
may shift by the +/- 70 hours mentioned above.
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APPENDIX A: Spectrolab XTE-SF Datasheet

f
32%

I

SPECTROLAB

SPECTROLAB

m

A Boeing Company

A Boeing Company

XTE-SF

(Standard Fluence)

Space Qualified Triple Junction Solar Cell
XTE-SF

Solar Cell Built on 20+ Years of 3J Heritage Devices

Post 1 MeV e- Retention (US Standard AIAA S-111-2014)

Parameters*

BOL

1e14(10-yr LEO)

5e14

1e15 (15-yr GEO)

1e16

EfficiencyniP

32.2%

0.93

0.88

0.84

0.66

Voc(V)

2.750

0.92

0.88

0.86

0.78

Jsc (mA/cm2)

18.6

1.00

0.99

0.98

0.94

Vmp (V)

2.435

0.92

0.88

0.86

0.76

Jmp (mA/cm2)

17.8

1.00

0.99

0.98

088

(Fluence of 1 MeV electrons/crrr')

• Average of qualification 27.22 cm’ ceils; AMO (135.3 mW/cm', 28°C)

Qualified Using AIAA S-lll-2014 Standards

XTE-SF Post 1 MeV e- Retention (European Standard-ECSS**)
BOL

1e14 (10-yr LEO)

5e14

1e15(15-yr GEO)

1e16

Efficiencymp

32.2%

0.93

0.89

0.87

0.72

VccM

2.750

0.93

0.90

0.88

0.80

18.6

1.00

1.00

0 99

0.96

2.435
17.8

0.93

0.90

0.87

0.79

1.00

1.00

0.99

0.91

Parameters*

k Three Variants Available in 2019:
XTE-SF (Standard Fluence) for LEO and GEO
Up to lel5 Equivalent Fluence

(mA/cm2)

Vmp(V)
Jmp (mA/cm2)

XTE LILT for Deep Space Missions

(Fluence of 1 MeV electrons/cm2)

** Photon and temperature annealing according to ECSS-E-ST-20-08C

XTE-HF (High Fluence) > lel5 (1 MeV Equivalence)

Temperature Coefficients (10°C - 70°C)
Parameters

BOL & EOL Proven Performance:
32% BOL Efficiency (XTE-SF)

BOL

1e14

1e15

1e16

Open Circuit Voltage

AV0C/AT

[mV/°C]

-5.5

-6.2

-6.7

-7.0

Short Circuit Current

AJtc/AT

|pA/cm2/°C]

12.1

11.1

11.9

11.9

Maximum PowerVoltage AVmp/AT

[mV/°C]

-8.2

-6.3

-7.1

-7.1

Maximum PowerCurrent Almp/AI

|pA/cm2/°C]

5.7

6.4

13.3

12.5

30% EOL Efficiency (XTE-SF) 5el3 (1 MeV Equivalence)
(II Y=

Cell Sizes Available to Meet Customer Priorities:

Aseioo
CERTIFIED

26.62cm2 to SuperCell > 80cm2

CIC Thermal Parameters

Value

Solar Absorptance
Emittance
----------------------------------------------------

0.89
0.85

CXKTIHCO BY D?
= ISO 14001l^=

Spediciab, Inc., 12500 Gladstone Avenue, Sylmar, California 91342
Phone: 818.365.4611 Customer Service: DL-SYLCustomerService@exchange.boeing.com
www.spectrolab.com

► In Production

59

APPENDIX B: Spectrolab XTJ Datasheet

SPECTROLAB
Boeing Company

30.7% XTJ Prime
Sjface Qualified Triple Junoti^r

■
■
•
•
•
■

Best in Class - BOL & EOL
AIAA-S111 & AIAA-S112 Space Qualified
Heritage Upright Lattice-Matched XTJ Structure
26.7% EOL. 1E15 1 MeV electron”
Currently in Full Production
Multiple Sizes Available (27cm2 through 84cm2)

r Cell
Operates 2° C Cooler
Than Other Space Grade Solar Cells

Cell Thickness = 80pm - 225
Cell Mass = 50 - 84mg/cm2

XTJ Prime Post 1 MeV e- Retention (US Standard AIAA S-111-2005)
BOL

1e14(10-yr LEO)

5e14

1e15 (15-yr GEO)

1e16

Efficiency^

30.7%

0.94

0.88

0.85

0.65

Voc(V)

2.720

0.94

0.89

0.87

0.78

18.0

1.00

0.99

0.98

0.93

2.406

0.94

0.89

0.87

0.76

17.5

1.00

0.99

0.97

0.86

Parameters*

Jsc (mA/cm2)
VTp(V)

Jn? (mA/cm2)

(Fluence of 1 MeV electrons/cm2)

* Production average of >100.000 cells; AMO (1353 mW/cm*, 28CC)

XTJ Prime Post 1 MeV e- Retention (European standard-ECSS “)________________
BOL

1e14(10-yr LEO)

5e14

1e15 (15-yr GEO)

1e16

Efficiencymp

30.7%

0.94

0.90

0.87

0.70

V«(V)

2.720

0.94

0.90

0.88

0.80

18.0

1.00

0.99

0.99

0.94

2.406

0.94

0.91

0.89

0.80

17.5

1.00

0.99

0.98

0.88

Parameters*

Jsc (mA/cm2)
V^(V)

Jmp (mA/cm2)

** Photon and temperature annealing according to ECSS-E-ST-20-08C

(Fluence of 1 MeV electrons/cm2)

ENViRONMEMAL MANAGEMENT SYSTEM
CERTIFIED BY DKV

= ISO I400I

ASS100
CERTIFIED

Spectroiab, Inc. 12500 Gladstone Avenue, Sytnar.CaHomia 31342 USA
• Phone: 800336.4888 • Website: www.st>ectroiatxco<r> • Customer Service DLSYLCustomerService^ilBoeinq.com
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Temperature Coefficients (15°C - 125°C)
Parameters

BOL

1e14

5e14

1e15

1e16

[mV/°C]

-5.6

-5.8

-6.2

-6.4

-6.6

[uA/cm3/°C]

10.0

10.0

10.3

10.8

11.8

Maximum PowerVoltage AVmp/A~

[mV/°C]

-6.3

-6.4

-6.5

-6.6

-6.6

Maximum PowerCurren AJmp/AT

[pA/cm?/°C]

5.0

6.5

8.9

9.5

12.1

Open Circuit Voltage

Short Circuit Current

AV(X/AT

AJ„/AT

Standard Cell Size?
Other cell Sizes Available

Thermal Parameters

Value

Solar Absorptance

0.88

Emittance

0.85

7/16/18

Spectrolab, Inc. 12500 Gladstone Avenue, Sytnar, Catforraa 91342 USA
• Phone: 8003364888 • Website: www.spectroiaticom * Customer Service DLSYLCu8tomerServicelilBoeinq.com
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APPENDIX C: Dunmore Aluminum Tape Datasheet

145 Wharton Road
Bristol, PA 19007-1620
Phone 215 . 781 . 8895
Fax 215.781 . 9293

3633 Danbury Road
Brewster, NY 10509-9813
Phone 845 . 279 . 5061
Fax 845.279.5231

Hausener Weg 1
79111 Freiburg, Germany
Phone *49 761 4 9046-0
Fax +49 761 4 9046-79

DUNMORE
PRODUCT DATA

ITEM NO :
DM100
DE SCRIPTION:
VDA / 100 GA DuPont™ Kapton® Polyinnde Film / 966 PSA
GENERAL DESCRIPTION: DM100 is a 100 gauge polyinnde based product that is aluminized on one surface On the
polyimide side. DM100 is backed with 3M* 966 acrylic pressure sensitive adhesive (PSA), with a removable liner DM100 offers
excellent physical, thermal and optical properties and is engineered for use in multi-layer insulation (MLI) blanket applications,
where low emittance and solar absorptance surfaces are desired. This product is also used on MLI blankets as edge closures and
complies with ASTM D-5213 Standard length of this product is 108ft (3 3m) Widths available from l/a” to 46" wide (12.7 to 1168
mm).
NOMINAL PROPERTIES
inch.
microns
inch.
microns
inch.
microns
tflb
nr kg

ASTM D374-94-A. B or C

WEIGHT AREA.

0 001
254
0 002
50.8
0.003
76.2
50.8
104
96

OPERATING TEMP. (INTERMITTENT)
(CONTINUOUS)

- 40 to 220
- 40 to 120

■c
T

(-40T to 425T)
(-40 F to 25OT)

METALLIZATION: TYPE;
DEPOSITION.
ELECTRICAL RESISTANCE.

99 99
300
< 1.0

* o Pure Aluminum
A ^Iimxnum
Ohms square

ASTM D257

OPTICAL:

<0.04
<0.14

PHYSICAL:

THICKNESS. (Polyimide)

(PSA)
TOTAL THICKNESS:

YIELD.

THERMAL:

EMITTANCE.
ABSORPTANCE;

ADHESION TO STEEL:

>25

ASTM E408
ASTM E9O3 E490

oz in

OUTGASSING: This product meets NASA guidelines per ASTM - E-595-93 as follows: TML - WVR. <1.0%; CVCM <0.1%.
SHELF LIFE: THIS PRODUCT SHALL MEET THE ABOVE SPECIFIED VALUES FOR NO LESS THAN 12 MONTHS FROM THE
DATE OF MANUFACTURE. PROVIDED THE MATERIAL IS SEALED AND STORED IN THE ORIGINAL PACKAGING MATERIALS
AT 19"C +f- 9“C (65T + - 15°F) and 50% RH +/- 10%. AFTER 12 MONTHS. IT IS RECOMMENDED THAT THE ADHESION TO STEEL
(STAINLESS) PANEL VALUE. BE RE-TESTED FOR SPECIFICATION C OMPLIANCE

All products are sold upon condition that purchasers shall make then own tests to determine the suitability of such products for their particular purposes and uses, and
that purchasers assume all mks and liability for the results of use of the products, including use in accordance wuh seller's recommendations DuPont^ and
Kapton® axe trademarks or regjsrered trademarks of E I. du Pom de Nemours and Company Nothing in this bulletin constitutes permission or a recommendation w
practice or use anv mention covered bv am' paten owned bv this company or bv others THERE IS NO WARRANTY OF MERCHANTABILITY OR OF FITNESS
FOR ANY PURPOSE PRODUCTS WZL MEET SELLER'S STANDARD SPECIFICATIONS THEREFORE. BUT THERE .UE NO OTHER WARRANTIES
FOP.THE PRODUCTS DESCRIBED

Date of generation 5'1/17

THESE COMMODITIES ARE REGULATED UNDER EAR ECCN 1A003 AND CAN ONLY BE
EXPORTED IN COMPLIANCE WITH THE US DEPARTMENT OF COMMERCE.
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